GlcNAc-1-P transferase (GPT) transfers GlcNAc-1-P from UDP-GlcNAc to dolichol-P (Dol-P), forming GlcNAc-P-PDol to initiate synthesis of the lipid-linked oligosaccharide Glc 3 Man 9 GlcNAc 2 -P-P-dolichol (G 3 M 9 Gn 2 -P-P-Dol). Elevated expression of GPT in CHO-K1 cells is known to cause accumulation of the intermediate M 5 Gn 2 -P-P-Dol, presumably by excessively consuming Dol-P and thereby hindering Dol-P-dependent synthesis of Man-P-Dol (MPD) and Glc-P-Dol (GPD), which provide the residues for extending M 5 Gn 2 -P-P-Dol to G 3 M 9 Gn 2 -P-P-Dol. If so, elevated GPT expression should increase oligosaccharide-P-P-Dol quantities and reduce monosaccharide-P-Dol quantities, while requiring GPT enzymatic activity. Here we report that elevated GPT expression failed to appreciably alter the quantities of the two classes of dolichol-linked saccharide, and that neither a GPT inhibitor nor introduction of an inactivating mutation into GPT prevented M 5 Gn 2 -P-P-Dol accumulation, arguing against excessive Dol-P consumption. Unexpectedly, we noticed similarities between the phenotypes of GPT overexpressers and of CHO-K1 cells lacking Lec35p (encoded by MPDU1, the congenital disorder of glycosylation (CDG)-If locus), which is required for utilization of MPD and GPD. By compensatory overexpression of Lec35p, G 3 M 9 Gn 2 -P-P-Dol synthesis in GPT overexpressers could be restored. However, GPT overexpression did not affect the levels of Lec35 mRNA or protein. These results suggest that GPT may impair Lec35p function, and imply that upper as well as lower limits on GPT expression exist in normal cells. Since the mammalian GPT gene can undergo spontaneous amplification, the data also indicate a potential basis for forms of pseudo-CDG-If.
Introduction
N-linked glycosylation is essential for eukaryotic physiology, and requires fastidious synthesis of the lipid-linked oligosaccharide (LLO) glucose 3 mannose 9 GlcNAc 2 -P-P-dolichol (G 3 M 9 Gn 2 -P-P-Dol). Synthesis of G 3 M 9 Gn 2 -P-P-Dol starts with dolichol-P (Dol-P), and continues by the sequential addition of two residues of GlcNAc from UDP-GlcNAc (the first of which includes transfer of phosphate and formation of the pyrophosphate linkage by the enzyme GlcNAc-1-P transferase (GPT/Alg7p), a reaction inhibited by tunicamycin (TN)) and five residues of mannose from GDP-mannose. This results in synthesis of the M 5 Gn 2 -P-P-Dol LLO intermediate, which is extended by the addition of four residues of mannose from mannose-P-Dol ((MPD), synthesized from Dol-P and GDP-mannose) and three residues of glucose from glucose-P-Dol ((GPD), synthesized from Dol-P and UDP-glucose), to yield G 3 M 9 Gn 2 -P-P-Dol. N-linked glycosylation in eukaryotes involves cotranslational transfer of glycan from G 3 M 9 Gn 2 -P-P-Dol to asparaginyl residues in Asn-Xaa-Ser/Thr sequons of nascent polypeptides as they enter the endoplasmic reticulum (ER) lumen (Hubbard and Ivatt 1981; Kornfeld and Kornfeld 1985) , a reaction carried out by oligosaccharyltransferase. Regulation of GPT/Alg7p expression may be particularly important because both diminished and elevated levels are detrimental. Inhibition of GPT by TN blocks LLO synthesis and N-glycosylation (Elbein 1987) , and ablation of the GPT genes in Saccharomyces cerevisiae (Kukuruzinska and Robbins 1987) , Schizosaccharomyces pombe (Zou et al. 1995) , and mouse cells (Marek et al. 1999 ) results in lethality. On the other hand, elevated expression of GPT by spontaneous gene amplification (Waldman et al. 1987) or transfection (Zhu et al. 1992; Datta and Lehrman 1993) causes M 5 Gn 2 -P-P-Dol to accumulate with concordant decreases of G 3 M 9 Gn 2 -P-P-Dol. These results could be explained if excessive consumption of Dol-P by GPT competitively hindered synthesis of MPD and GPD. This predicts that elevating GPT expression should: (i) result in much more M 5 Gn 2 -P-P-Dol than the amount of G 3 M 9 Gn 2 -P-P-Dol which occurs in normal cells (ii) greatly reduce quantities of MPD and GPD, and (iii) have no effect on dolichol-linked saccharides if GPT's catalytic activity is blocked. In CHO-K1 cells overexpressing GPT due to gene amplification, identification of dolichol conjugates by [ 3 H]mevalonate labeling showed that MPD and GPD were reduced by about half, and LLOs levels were increased by a factor of ∼1.5, compared to parental cells (Rosenwald et al. 1990 , Table 4A ). While these differences support the idea that GPT, MPD synthase, and GPD synthase all compete for a common pool of Dol-P, the mild extents of the changes leave some doubt as to whether limitation for MPD and GPD was the cause of M 5 Gn 2 -P-P-Dol accumulation.
Here, we used a quantitative nonradioactive technique, fluorophore-assisted carbohydrate electrophoresis (FACE), to assess LLOs, MPD, and GPD. We report that M 5 Gn 2 -P-P-Dol accumulation in CHO-K1 cells with overexpressed GPT is inconsistent with a model involving excessive Dol-P consumption. Unexpectedly, our results suggest that elevated GPT blocks the function of Lec35/MPDU1, a metazoan locus that encodes a protein (Lec35p) required for utilization of MPD and GPD (Anand et al. 2001) . This inhibition infers the need for upper as well as lower limits on GPT expression, and suggests that inappropriate overexpression of GPT might underlie some unclassified forms of congenital disorder of glycosylation (CDG) Type I (Jaeken and Matthijs 2001; Freeze and Aebi 2005) , a family of LLO dysfunction diseases, by causing accumulation of M 5 Gn 2 -P-P-Dol.
Results
M 5 Gn 2 -P-P-Dol accumulation in GPT overexpressers does not correlate with an appreciable overall LLO increase, or losses of MPD or GPD, and does not require GPT catalytic activity LLO, MPD, and GPD levels were analyzed by FACE (Gao and Lehrman 2006) to avoid potential complications associated with radioactive precursor methods (Lehrman 2007) . Dolichol-linked saccharides were recovered by organic extraction and then separated into monophosphoryl (MPD and GPD) and diphosphoryl (LLO) fractions by ion-exchange (DEAE-cellulose) chromatography. After cleavage of the phosphate bonds, the reducing termini of the released saccharides were coupled to FACE fluorophores, separated by high-voltage polyacrylamide gel electrophoresis, and detected with a charge-coupled device imager by exposure to ultraviolet light.
GPT expression is proportional to TN resistance, which is primarily due to buffering of TN by the enzyme rather than a compensatory increase in enzymatic activity (Zhu et al. 1992; Dan et al. 1996) . Figure 1 , panel A, shows FACE-LLO analyses of parental CHO-K1 cells, a GPT transfectant (Tn-10) isolated previously (Zhu et al. 1992 ) with resistance to ∼16 µg/mL TN, and a MPD synthase-deficient Lec15 mutant (Camp et al. 1993) known to accumulate M 5 Gn 2 -P-P-Dol. As expected, G 3 M 9 Gn 2 -P-P-Dol was the predominant LLO in parental cells, while like Lec15, the Tn-10 cells exhibited accumulation of M 5 Gn 2 -P-P-Dol. Additional GPT transfectants were isolated in this study, and G 3 M 9 Gn 2 -P-P-Dol synthesis was impaired in proportion to their resistance to TN (panel B). Since conversion of Gn-P-P-Dol to M 5 Gn 2 -P-P-Dol requires nucleotide sugars, but not monosaaccharide-P-Dols, excessive consumption of Dol-P by GPT should result in formation of unusually large amounts of M 5 Gn 2 -P-P-Dol. Yet, quantities of this LLO in the highest GPT expressers (for example, Tn-10 in panel A and the 16 µg/mL TN survivor in panel B) were increased only approximately twofold over the quantity of G 3 M 9 Gn 2 -P-P-Dol in parental cells. Since a comparable increase was also seen in the Lec15 mutant (panel A), the increase of M 5 Gn 2 -P-P-Dol over G 3 M 9 Gn 2 -P-P-Dol in GPT overexpressers was most likely an indirect consequence of the LLO assembly defect.
The levels of Gn-P-P-Dol (the product of GPT) were examined directly with a FACE monosaccharide profiling gel (panel C). Although its presence in CHO-K1 cells was sensitive to TN as anticipated, Gn-P-P-Dol was unaffected by overexpression of GPT. Chitobiosyl-AMAC derived from Gn 2 -P-P-Dol can also be assessed on monosaccharide profiling gels, but it was undetectable in this experiment (data not shown). To address the possibility that excess Gn-P-P-Dol might have been converted to large amounts of an LLO intermediate smaller than M 5 Gn 2 -P-P-Dol, and therefore not visible on FACE oligosaccharide profiling gels run under typical conditions (such as in panels A and B), CHO-K1 and Tn-10 LLOs were reexamined on a FACE gel displaying all materials above the dye front (consisting of unreacted ANDS). As shown in panel D, G 3 M 9 Gn 2 -P-P-Dol was the predominant TN-sensitive LLO detected in CHO-K1 cells as expected. While some smaller intermediates, likely M 3−4 Gn 2 -P-P-Dol, were detected in Tn-10 cells in addition to M 5 Gn 2 -P-PDol, in aggregate their amounts did not appear to greatly exceed the LLO amount in CHO-K1. Therefore, there was no evidence of excessive synthesis of Gn-P-P-Dol resulting from GPT overexpression. In panel D, several rapidly migrating TN-resistant species are visible in the CHO-K1 lanes, yet absent in the Tn-10 lanes. Their identities remain to be determined, but it is plausible that their synthesis is sensitive to overexpression of GPT for the same reason that G 3 M 9 Gn 2 -P-P-Dol synthesis is sensitive.
Monosaccharide-P-Dol analyses by FACE were validated by comparing the MPD synthase-deficient Lec15 mutant line with Lec35 mutant cells, which also accumulate Man 5 GlcNAc 2 -P-P-Dol but do not have a defect in MPD synthesis (Zeng and Lehrman 1990 ). In the Lec35 mutant, MPD and GPD were readily detected ( Figure 1 , panel E). By comparison, in Lec15 only GPD was present at appreciable levels. Using this method, a GPT overexpresser (Tn-10) which accumulated M 5 Gn 2 -P-PDol had MPD and GPD levels comparable to those in parental CHO-K1 cells and the Lec35 mutant (panel F).
Consequently, GPT overexpression did not appear to result in appreciable increases of total LLO, or decreases of MPD or GPD, arguing against excessive consumption of Dol-P by GPT. We reasoned further that if M 5 Gn 2 -P-P-Dol accumulated due to depletion of the Dol-P pool by GPT, titration with TN should restore synthesis of G 3 M 9 Gn 2 -P-P-Dol. To inhibit GPT in cells, 2 µg/mL TN is sufficient (see below). However, this concentration and even higher concentrations of TN sufficient to diminish M 5 Gn 2 -P-P-Dol did not restore G 3 M 9 Gn 2 -P-P-Dol synthesis (Figure 2 , panel A). Moreover (panel B), elevated expression of GPT Arg303Lys , a mutant lacking catalytic activity but able to bind TN (Dan et al. 1996) , caused accumulation of M 5 Gn 2 -P-P-Dol (although at the level of expression attained, the block was not complete with some M 9 Gn 2 -P-P-Dol and G 3 M 9 Gn 2 -P-P-Dol still produced). Taken together, the data of Figures 1 and 2 indicate that GPT overexpression does not cause M 5 Gn 2 -P-P-Dol accumulation by depleting MPD or GPD.
M 5 Gn 2 -P-P-Dol accumulation in GPT overexpressers resembles that of Lec35 mutants In Lec15 mutants, approximately 20% of the M 5 Gn 2 -P-P-Dol is extended in a GPD-requiring process to G 3 M 5 Gn 2 -P-PDol (Anand et al. 2001) . In contrast, very little of this LLO intermediate was detectable in a GPT overexpresser (Zhu et al. 1992) , suggesting that both the MPD-and GPD-requiring reactions were impaired. This phenotype might be predicted for a mechanism excessively consuming Dol-P, but it was also highly reminiscent of the phenotype of Lec35 mutants, which accumulate M 5 Gn 2 -P-P-Dol because Lec35p is required in mammalian cells for utilization of both MPD and GPD.
To explore further the similarities between the LLO phenotypes of GPT overexpressers and Lec35 mutants, we took advantage of the partial in vitro correction of the Lec35 mutant phenotype which occurs upon preparation of microsomal membranes, but not upon plasma membrane permeabilization Unexpected basis for impaired Glc 3 Man 9 GlcNAc 2 -P-P-dolichol biosynthesis (Anand et al. 2001) ). In contrast, Lec15 mutants fail to mannosylate M 5 Gn 2 -P-P-Dol in either system (Anand et al. 2001) . As shown in panels C and F, the M 5 Gn 2 -P-P-Dol accumulation defect of GPT overexpressers was partially corrected in microsomal membranes, but retained after permeabilization with SLO, highly similar to the Lec35 mutant result. The failure to extend M 5 Gn 2 -P-P-Dol in SLO-treated Lec35 mutants and GPT overexpressers was not due to a generalized inefficiency of the SLO system, because conversion of LLO intermediates to G 3 M 9 Gn 2 -P-P-Dol with parental CHO-K1 cells was actually more effective with the SLO system (panel A) than with microsomes (panel B). By providing additional support for the similarity between GPT overexpressers and Lec35 mutants, these results raised the unexpected possibility that elevated GPT expression interfered with Lec35p.
Compensatory overexpression of Lec35p restores synthesis of G 3 M 9 Gn 2 -P-P-Dol in GPT overexpressers
Since Lec35p is required in mammalian cells for synthesis of G 3 M 9 Gn 2 -P-P-Dol, GPT would not be expected to impair Lec35p at the ratios of these two proteins resulting from normal endogenous expression. The ability of GPT to cause accumulation of M 5 Gn 2 -P-P-Dol was therefore hypothesized to require an abnormally high ratio of GPT to Lec35p. Consequently, we reasoned that compensatory expression of Lec35p in GPT overexpressers should restore synthesis of G 3 M 9 Gn 2 -P-P-Dol. To test this idea, we took advantage of the fact that the Lec35.1 mutant line used in the above experiments is characterized by a disrupted, internally deleted copy of the Lec35 gene (Anand et al. 2001 ). Lec35.1 was transfected with normal copies of Lec35 under the control of a promoter suppressible by tetracycline (the "Tet-OFF" system) or the related agent, doxycycline (DOX). Thus, in these transfectants all Lec35 activity, and consequently all ability to extend M 5 Gn 2 -P-P-Dol to G 3 M 9 Gn 2 -P-P-Dol, is dependent upon the transfected copy of Lec35 and cannot be due to the reactivation of the endogenous deleted gene. In the absence of DOX, these cells express about 200 times the Lec35 mRNA of normal cells, but close to the normal amount in the presence of DOX (Anand et al. 2001) . As shown in Figure 4 (panel A, lane 6), in the absence of exogenously expressed GPT, the limited quantity of transfected Lec35 mRNA synthesized N Gao et al. in the presence of DOX was sufficient to restore extension of M 5 Gn 2 -P-P-Dol to G 3 M 9 Gn 2 -P-P-Dol.
Two DOX-suppressible Lec35.1 transfectants, designated 6C and 10A, were also supertransfected with cDNA encoding a normal copy of GPT. Stable transfectants were initially selected (Anand et al. 2001) ) were used. They were either analyzed directly, or supertransfected with a plasmid containing a normal copy of GPT under the control of a constitutive promoter (Zhu et al. 1992) , followed by selection with varying concentrations of TN to obtain colonies with different levels of GPT expression. Cells were then incubated in the absence or presence of 2 µg/mL DOX for 2 days, and LLO glycans were analyzed by FACE. Panel A: Data for either CHO-K1 cells (lanes 1-4) or clone 6C cells (lanes 5-8) analyzed directly (lanes 1, 2, 5, and 6), or after expression of GPT giving resistance to 8 µg/mL TN (lanes 3, 4, 7, and 8), in the absence (lanes 1, 3, 5, and 7) or presence (lanes 2, 4, 6, 8) of DOX. Panel B: Summary of results with colonies having varied expression of GPT, analyzed as in Panel A. "-" on the X-axis indicates cells not transfected with GPT. The relative fraction of G 3 M 9 Gn 2 -ANDS was calculated by normalizing to [M 5 Gn 2 -ANDS + M 9 Gn 2 -ANDS + G 3 M 9 Gn 2 -ANDS] and multiplying by 100. Note that the relative amounts of transfected GPT to transfected Lec35p determine whether M 5 Gn 2 -P-P-Dol (excess GPT) or G 3 M 9 Gn 2 -P-P-Dol (excess Lec35p) accumulates. Open symbols, no DOX treatment; closed symbols, DOX treatment. Triangles, CHO-K1; diamonds, Lec35.1 (the white diamond is obscured by the black diamond). Squares and circles, clones 6C and 10A, respectively. For the critical 8 µg/mL level of TN resistance, multiple independent transfectants were used as indicated by the error bars (6C transfectants, n = 4; 10A transfectants, n = 7; mean ± standard error) with 2 µg/mL TN (the minimum concentration needed to kill untransfected cells), and then screened with twofold increases up to 16 µg/mL TN to identify transfectants with varying expression of GPT. LLOs in selected colonies were then analyzed by FACE after culture in the absence or presence of DOX. A representative set of FACE analyses including doubletransfectants resistant to 8 µg/mL TN is presented in Figure 4 , panel A. DOX did not affect G 3 M 9 Gn 2 -P-P-Dol synthesis in parental CHO-K1 cells (lanes 1 and 2) , or M 5 Gn 2 -P-PDol accumulation in GPT overexpressers without transfected Lec35 cDNA (lanes 3 and 4). As discussed above, prior to supertransfection with GPT, G 3 M 9 Gn 2 -P-P-Dol was detected in Lec35 transfectants both in the absence and presence of DOX (lanes 5 and 6). However, in a double transfectant overexpressing both GPT and Lec35, G 3 M 9 Gn 2 -P-P-Dol was synthesized in the absence of DOX (lane 7), while M 5 Gn 2 -P-P-Dol accumulated if Lec35 expression was suppressed by the presence of DOX (lane 8). Figure 4 (panel B) summarizes results for parental CHO-K1 cells and the DOX-suppressible Lec35 transfectants 6C and 10A supertransfected to express GPT by different extents (discerned by relative resistance to TN). Without exogenously expressed GPT ("−" on the X-axis), G 3 M 9 Gn 2 -P-P-Dol was the predominant LLO for these three cell types. In 6C and 10A cells with the highest GPT expression (surviving 16 µg/mL TN), increasing Lec35 expression by omitting DOX did not prevent accumulation of M 5 Gn 2 -P-P-Dol. However, in 6C and 10A cells with intermediate expression of GPT (cells surviving 8 µg/mL TN), control of Lec35 expression (and hence the ratio of GPT to Lec35p) by DOX determined whether M 5 Gn 2 -P-P-Dol or G 3 M 9 Gn 2 -P-P-Dol was predominant. In other words, in cells transfected to express both GPT and Lec35p, the relative ratio of these two proteins determined whether or not MPD-and GPD-dependent reactions of LLO synthesis were completed.
Although GPT appeared to interfere with Lec35p function, there was no evidence that the reciprocal was true. First, cells expressing high levels of Lec35 mRNA (Lec35 Tet−OFF cells in the absence of DOX) did not have less G 3 M 9 Gn 2 -P-P-Dol than CHO-K1 cells (Figure 4 , panel A, compare lanes 1 and 5). Second, there were no significant differences observed for GPT activity (formation of [ 3 H]GlcNAc-P-P-Dol from exogenously added UDP-[ 3 H]GlcNAc in both SLO-permeabilized cells and in microsomal membrane preparations) by comparing parental CHO-K1, Lec35 mutants, and cells with high levels of Lec35 mRNA (data not shown).
Elevated expression of GPT does not significantly affect synthesis or stability of Lec35p
To determine if elevated GPT impaired Lec35p by altering its synthesis or stability, antibody methods were required. Since antibodies for native rodent Lec35p are unavailable, MYC and hemagglutinin (HA) tags were fused to the amino terminus of the Lec35p coding sequence. These constructs were transfected into Lec35.1 mutants, so that any restoration of G 3 M 9 Gn 2 -P-PDol synthesis was strictly dependent upon the tagged Lec35p. The transfectants were then subjected to selection for restored synthesis of G 3 M 9 Gn 2 -P-P-Dol as described under Materials and methods. Both methods successfully generated functional tagged versions of Lec35p (data not shown), indicating that the free amino terminus does not serve a critical function. One MYC-Lec35p transfectant, designated A92, was chosen for further study.
A92 was supertransfected with C-terminal FLAG-tagged GPT (the C-terminal FLAG does not appreciably affect GPT function (Dan et al. 1996) in order to obtain transfectants expressing both MYC-Lec35p and GPT-FLAG, but with a relatively high amount of the latter so that the extension of M 5 Gn 2 -P-P-Dol was inhibited. Colonies were selected for resistance to TN as described under Materials and methods. Two colonies, designated A92.12 and A92.17, which expressed GPT-FLAG mRNA and protein at high levels were identified for further analysis ( Figure 5 , panel A (RNA blots) and panel B (immunoblot)). In contrast to A92, which synthesized G 3 M 9 Gn 2 -P-P-Dol (indicating functional correction by MYC-Lec35p), A92.12 and A92.17 accumulated M 5 Gn 2 -P-P-Dol in a manner similar to the Lec35.1 mutant (panel C), demonstrating that the ratio of GPT-FLAG to MYC-Lec35p was relatively high (see Figure 4) . MPD and GPD levels in A92, A92.12, and A92.17 were as high as in CHO-K1 (panel D), consistent with the results of Figure 1 , panel F. Importantly, in A92.12 and A92.17 both MYC-Lec35 mRNA ( Figure 5 , panel A) and protein (panel B) were comparable to, or greater than, levels in A92 cells. The immunoblot procedure detected an anti-MYC reactive polypeptide of ∼22 kDa; MYC-Lec35p has an expected size of 27 kDa, but is anticipated to migrate somewhat aberrantly due to its high degree of hydrophobicity. To verify more directly that Lec35p synthesis and stability were not strongly impaired by GPT overexpression, cells were pulsed with [
35 S]Translabel for 30 min to label newly-synthesized MYC-Lec35p, and then subjected to immunoprecipitation with anti-MYC antibody. This procedure detected [
35 S]MYC-Lec35p in A92 cells but not the Lec35.1 mutant line (panel E). As shown in panel F (0 h of chase) the amount of newly synthesized MYC-Lec35p in A92 cells was similar to that in A92.12 and A92.17, and MYC-Lec35p appeared highly stable in each cell type (up to 24 h of chase). Any perceived differences of MYC-Lec35p are attributable to experimental variation in [
35 S]protein load, which can be judged from the background bands. Taken together, these data suggest that elevated expression of GPT can strongly hinder Lec35p's function in G 3 M 9 Gn 2 -P-P-Dol production, without significantly affecting the synthesis or stability of Lec35 mRNA or protein.
Discussion
Overexpression of GPT in CHO-K1 cells by either gene amplification or transfection of cDNA impairs G 3 M 9 Gn 2 -P-P-Dol synthesis, and causes M 5 Gn 2 -P-P-Dol to accumulate. The simplest explanation for this phenomenon invokes excessive consumption of Dol-P by GPT, depleting pools of MPD and GPD needed to extend M 5 Gn 2 -P-P-Dol to G 3 M 9 Gn 2 -P-P-Dol. A corollary of this prediction is greatly increased synthesis of GlcNAc-P-P-Dol, which should be efficiently extended to M 5 Gn 2 -P-P-Dol because nucleotide sugars but not dolichol-P sugars are required. We found, however, that overexpression of GPT sufficient to cause M 5 Gn 2 -P-P-Dol accumulation did not appreciably affect levels of MPD or GPD, did not result in significantly increased amounts of total LLO, and did not require the catalytic activity of GPT. The absence of an observed increase in Gn-P-P-Dol levels (Figure 1 , panel C) also argues against potential inhibition by excess Gn-P-P-Dol of flipping activities, attenuation of which could have accounted for M 5 Gn 2 -P-P-Dol accumulation.
Instead, our data support the unexpected conclusion that overexpressed GPT impairs G 3 M 9 Gn 2 -P-P-Dol synthesis by N Gao et al. interference with Lec35p, a protein required for utilization of both MPD and GPD (Anand et al. 2001) . Phenotypes characteristic of Lec35 mutants were also observed for GPT overexpressers, and overexpression of Lec35p counteracted the effect of overexpression of GPT. However, GPT overexpression did not affect the synthesis or stability of Lec35p. It should be noted that our data do not rule out the possibility that GPT inhibits the function of a protein, other than Lec35p, involved in mannosylation of M 5 Gn 2 -P-P-Dol with MPD. In this scenario, overexpression of Lec35p would compensate for impaired function of the third protein by enhancing its ability to utilize MPD. However, both models are similar in that the M 5 Gn 2 -P-P-Dol accumulation is proposed to result from GPT inhibiting a key protein involved in mannosylation.
Since both Lec35p and GPT are essential for G 3 M 9 Gn 2 -P-PDol synthesis in mammals, and genetic deficiency of Lec35p causes CDG-If, it is unlikely that the inhibition of Lec35p by GPT represents a normal physiological process. Attempts to identify direct interactions between GPT and Lec35p were unsuccessful (data not shown). We speculate that they might compete for docking to a necessary scaffold or other factor, yet to be identified. Both proteins would be accommodated at normal expression levels, but upon elevation of GPT, Lec35p would be excluded with GPT acting as a dominant negative inhibitor. However, this model predicts that high levels of Lec35p should interfere with GPT function, while as explained in the text we observed no evidence for such reciprocal inhibition. The mechanism and significance of the apparent effect of GPT upon Lec35p therefore remain unclear. The results were also surprising because the expected mechanism (excessive consumption of Dol-P by elevated expression of GPT) was not supported, suggestive of a qualitative difference between endogenously and exogenously expressed GPT which in some way governs access to Dol-P.
As reviewed in the Introduction, analyses of dolichol conjugates by [ 3 H]mevalonate labeling revealed only moderate changes in the concentrations of MPD, GPD, or LLO in GPT overexpressers (Rosenwald et al. 1990) , in general agreement with FACE results reported here. A similarly moderate change for LLO levels was reported by [ 3 H]mannose labeling (Waldman et al. 1987 , Table 2B ). However, two aspects of that report were discordant with our own. First, in GPT overexpressers, a ∼50-fold decrease in cellular [ 3 H]MPD synthesis was reported. Second, the presence of TN restored extension of [ 3 H]M 5 Gn 2 -P-P-Dol to [ 3 H]G 3 M 9 Gn 2 -P-P-Dol (as well as restoring [ 3 H]MPD synthesis) to normal. There are no clear explanations for these discrepancies. However, in the [ 3 H]mannose labeling studies but not the [ 3 H]mevalonate or FACE studies, medium with low (0.1 mM) glucose was used. We have found that in some cases low glucose conditions can significantly influence the analysis of dolichol-linked saccharides (Lehrman 2007) . It is also plausible that inhibiting GPT with TN might have influenced synthesis of MPD and LLO by activating an ER stress response, which can have dramatic effects on G 3 M 9 Gn 2 -P-P-Dol synthesis (Shang et al. 2007) .
Since a minimal level of GPT is necessary for adequate G 3 M 9 Gn 2 -P-P-Dol synthesis, and excess GPT causes M 5 Gn 2 -P-P-Dol to accumulate, we infer that cells may have mechanisms which govern both the lower and upper limits of GPT expression. Resistance to TN correlates with GPT expression (Zhu et al. 1992) , so an estimate of the acceptable upper limit can be obtained by comparison of TN-resistant cells with parental CHO-K1 cells, which are viable in up to approximately 0.2 µg/mL TN (Zhu et al. 1992) . GPT transfectants with ∼10-fold TN resistance have substantial accumulation of M 5 Gn 2 -P-P-Dol (2 µg/mL TN survivors, Figure 1, panel B) . Transfectants with only approximately fivefold TN resistance (Datta and Lehrman 1993 ) accumulated M 9 Gn 2 -P-P-Dol (indicative of a GPD utilization deficiency). Thus, the acceptable upper limit may be less than approximately fivefold elevated expression.
As mentioned earlier, CHO-K1 cells resistant to toxic concentrations of TN can be isolated without prior intentional mutagenesis due to spontaneous amplification of a chromosomal region including the GPT locus, resulting in increased GPT gene expression (Scocca et al. 1988; Zhu and Lehrman 1989) .
Conversely, the CHO-K1 Lec35 gene contains numerous Alu repetitive elements, sequences which favor spontaneous gene disruption (Lehrman et al. 1987) . The defect in the Lec35.1 line used here was traced to a deletion in an Alu-rich region of the Lec35 gene (Anand et al. 2001) , which occurred spontaneously in the CHO-K1 population. At least for CHO-K1 cells in culture, cells with increased GPT or with Lec35 disruptions appear to have no growth disadvantages. Thus, is it conceivable that cells in which one of the two GPT loci had been amplified, alone or in conjunction with disruption of one of the Lec35 loci, would have LLO dysfunction while growing at a normal rate. In humans, this might be predicted to cause a nonheritable pseudo-CDG-If mosaic phenotype. These would escape detection by standard sequence-based screening of blood cells of unclassified CDG-I patients because the phenotype would not necessarily be expressed in blood cells, and sequences of GPT DNA and RNA would appear normal. A similar pseudo-CDGIf phenotype would be predicted for mutations that increased GPT promoter activity, although in such cases, genomic DNA sequencing could detect the abnormality and the disease should be heritable.
Materials and methods
Reagents and cell lines DOX was from Invitrogen, Carlsbad, CA. TN was from SigmaAldrich, St. Louis, MO. AMAC and ANDS were from Molecular Probes, Invitrogen. Parental CHO-K1 cells were from the American Type Culture Collection, Rockville, MD. Some CHO-K1 derived lines were prepared earlier: Lec35.1 and Lec15.2 (Camp et al. 1993 ), 6C and 10A (Anand et al. 2001), and Tn-10 (Zhu et al. 1992) . Unless indicated otherwise, cells were grown at 37
• C in a humidified 5% CO 2 atmosphere in Ham's F-12 medium (Invitrogen) supplemented with 2% fetal bovine serum and 8% calf serum (Atlanta Biologicals, Lawrenceville, GA).
Permeabilization of cells with SLO
SLO treatment was done exactly as described earlier (Anand et al. 2001) . Briefly, cells were incubated with SLO solution for 4 min at 4
• C. After removing the solution and rinsing with ice-cold PBS, buffer containing 50 mM K-HEPES (pH 7.2), 78 mM KCl, and 3 mM MgCl 2 (prewarmed to 37
• C) was added, incubating for 5 min. Incubation with nucleotide sugars for LLO synthesis was done as described (Anand et al. 2001) .
Preparation and use of microsomal membranes
Microsomal membranes were prepared as described (Lehrman et al. 1988) . In brief, cells were swollen for 15 min on ice in hypo-osmotic solution containing 2 mM Tris-Cl (pH 7.4), the cells were disrupted with a motorized homogenizer, debris, and heavy membrane fractions were removed by centrifugation at 3,000 × g for 10 min, and microsomes were collected by further centrifugation at 100,000 × g for 60 min. Incubation with nucleotide sugars for LLO synthesis was done as described (Zeng and Lehrman 1990) .
FACE analyses of LLOs, MPD, and GPD
The methods for extraction and enrichment of dolichol-linked saccharides, cleavage of phosphate bonds, conjugation to N Gao et al.
FACE fluorophores, electrophoretic separation, and imaging have been described in detail (Gao and Lehrman 2002; Gao and Lehrman 2003; Gao and Lehrman 2006) . Briefly, monosaccharides representing MPD or GPD (released from dolichol-P-monosaccharide fractions), or representing Gn-P-P-Dol (released from dolichol-P-P-monosaccharide fractions), were conjugated to AMAC and separated on borate-impregnated FACE monosaccharide profiling gels. Oligosaccharides released from dolichol-P-P-oligosaccharide fractions were conjugated to ANDS and separated on FACE oligosaccharide profiling gels. In general, cells were grown to ∼90% of confluence in 150 mM dishes, and 50% of the sample per dish was used per lane of the FACE gels. In any given figure panel, all cells were grown and processed similarly to allow direct comparison.
Transfection of GPT, GPT-FLAG, and GPT

Arg303Lys
GPT constructs were prepared previously in the pJB20 vector, which drives expression of the insert cDNA with a cytomegalovirus promoter (Slonina et al. 1993; Dan et al. 1996) . Transfection was done by the calcium phosphate method (Zhu et al. 1992 ). This was followed by selection of colonies stably expressing GPT with 2 µg/mL TN, the minimum concentration able to efficiently eliminate untransfected cells. In some experiments, resistant colonies were screened for resistance to 4, 8, or 16 µg/mL TN to obtain different levels of GPT expression.
Construction and transfection of epitope-tagged Lec35
pTRE-Lec35 (Anand et al. 2001) , bearing the hamster Lec35 cDNA sequence, was the template for PCR. For MYC-Lec35p, an insert fragment was amplified with 5 ATACGGATCCATG-GCCGGTGAGGCGGACGGAC 3 (forward, BamHI site underlined) and 5 CTGCAAGCTTCTATTGCTCCTTTTTAT-GTTTG 3 (reverse, HindIII site underlined). Both the PCR product and pCMV5-MYC (gift of Dr. Helen Yin, UTSouthwestern (Rozelle et al. 2000) ) were digested with BamHI and HindIII and then ligated together. For HA-Lec35p, an insert fragment was amplified with 5 GGGGCCGGCCAATGGCC-GGTGAGGCGGACGGAC-3 (forward, FseI site underlined) and 5 GGGGCGCGCCCTATTGCTCCTTTTTATGTTTG 3 (reverse, AscI site underlined). Both this PCR product and pCS2-HA (gift of Dr. Hongtao Yu, UT-Southwestern (Kang et al. 2006) ) were digested with FseI and AscI and then ligated together.
After propagation in Escherichia coli, the resulting plasmids were transfected into Lec35.1 cells by the calcium phosphate method. Transfectants having restored synthesis of G 3 M 9 Gn 2 -P-P-Dol were selected for 4 days with medium containing a combination of 20 µg/mL PHA-E/1 µg/mL swainsonine (Ware and Lehrman 1996) . Spurious Lec35/Lec1 double mutants, which can survive PHA-E/swainsonine (Zeng and Lehrman 1991) , were eliminated by counter selection for 2 days with medium containing 10 µg/mL concanavalin A. Colonies surviving both procedures were reselected with PHA-E/swainsonine to obtain single colonies stably expressing tagged Lec35p, and then screened with mRNA blots and immunoblots to identify those with the highest expression. Restoration of G 3 M 9 Gn 2 -P-P-Dol synthesis in transfectants expressing each form of Lec35p was verified by [ 3 H]mannose-labeling of cells and HPLC fractionation of the glycans. A MYC-Lec35p transfectant, designated A92, was selected for further study because in preliminary experiments, MYC-Lec35p was more easily detected than HA-Lec35p by pulse labeling and immunoprecipitation.
A92 cells were supertransfected with GPT-FLAG (Dan et al. 1996) and selected for resistance to 4 µg/mL TN. Stable expression of GPT in these tagged double transfectants was verified by immunoblotting with anti-FLAG antibody. Randomly chosen colonies were also screened with anti-MYC antibody, resulting in identification of two tagged double transfectants (designated A92.12 and A92.17), which retained MYC-Lec35p expression similar to that in A92 ( Figure 5, panel B) .
Northern blotting
Cells were grown to confluence in 100 mm dishes. Total RNA was harvested with the Qiagen "RNeasy" minikit system, which typically yielded 50-60 µg RNA per dish. Northern blotting was performed by loading 15 µg RNA per well of a 9-cm-long 1% agarose gel, with electrophoresis in 20 mM Na-MOPS bufffer, pH 7.0, at 60 V for 3.5 h. RNA was transferred by capillary action to an Amersham XL-Hybond membrane, then hybridized overnight with DNA probes prepared by PCR and labeled with [ 32 P]dCTP with the Amersham Rediprime II Random Prime Labeling System. GPT probes (716 bp) were prepared from a hamster cDNA clone (Zhu et al. 1992) by PCR with the primers (forward) 5 ACTGCTTTGTGGAGGAGCAGTGTA 3 and (reverse) 5 ATAGCTCATCTCCAGTTTGCCCGT 3 . Lec35 probes (744 bp) were prepared from a hamster cDNA clone (Anand et al. 2001) by PCR with the primers (forward) 5 ATGGCCGGTGAGGCGGACGGACCG 3 and (reverse) 5 CTATTGCTCCTTTTTATGTTTGTG 3 . After washing, the membrane was exposed to Kodak O-MAT Blue film and also imaged on a Fujifilm phosphorimager for quantitative analysis.
Immunoblotting
Cells were harvested at ∼90% confluence in RIPA buffer (10 mM Tris-Cl (pH 7.4), 100 mM NaCl, 1 mM Na 3 EDTA, 0.5% Na-deoxycholate, 0.1% SDS, 1% Triton X-100), 1 mL per 100 mm dish. Lysates were kept on ice for 20 min, then clarified by centrifugation for 20 min at 20,000 × g at 4
• C. Supernatants were mixed with concentrated SDS-PAGE sample buffer for a final concentration of 2% SDS, denatured for 60 min at 45
• C in the presence of 100 mM β-mercaptoethanol, and subjected to SDS-PAGE. Proteins were transferred to a PVDF membrane. After incubation for 16 h at 4
• C in blocking solution (5% nonfat milk, 10 mM Tris-Cl (pH 7.4), 0.15 M NaCl, and 0.2% Triton X-100), the membrane was probed with 0.3 µg/mL anti-MYC (Invitrogen, cat. # 46-0603) or 0.2 µg/mL anti-FLAG (Sigma-Aldrich, cat. # T-3165) monoclonal antibody for 1 h. After washing four times with blocking solution (omitting milk), the membrane was incubated with a 1:5000 dilution of horse radish peroxidase-conjugated antimouse IgG (Amersham Biosciences, Piscataway, NJ, cat. # NXA931), treated with ECL reagent (Amersham Biosciences, cat. # RPN2106), and detected by autoradiography.
Immunoprecipitation of MYC-Lec35p from [
35 S]methionine-labeled cells Cells in 100 mm dishes, grown to 70-80% confluence, were incubated 20 min in methionine-free F12 medium. Cells were then incubated 30 min ("pulse") with methionine-free medium
